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ABSTRACT: Restless legs syndrome (RLS), also known as Willis—Ekbom disease, is @ ‘
a sleep and neurological sensorimotor disorder. The prevalence of RLS is at ~5—15%
in the general population. RLS could severely impact the daytime work productivity ¥
and the life quality of patients. However, the current diagnostic methods fail to [: . ¢
provide an accurate and timely diagnosis, and the pathophysiology of RLS is not fully |5 % .
understood. Glycomics can help to unravel the underlying biochemical mechanisms of $
RLS, to identify specific glycome changes, and to develop powerful biomarkers for D
early detection and guiding interventions. Herein, we undertook a shotgun glycomics
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the blood serum of RLS patients. Glycan profiles and isomeric quantitations were Qstran profiing @uomeric ansiyys E
assessed by liquid chromatography—mass spectrometry analysis and compared with D— = 4
healthy controls. 24 N-glycan biomarker candidates show substantial differences AR I
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between RLS patients and controls after the Benjamini—Hochberg multiple testing
correction. Among those structures, glycans with the composition of HexNA-
csHexgFuc,NeuAc,, HexNAcsHexsFuc,NeuAc;, and HexNAc;Hex,FucNeuAc, show the most significant alteration in the
expression profile (p < 0.001). Furthermore, 23 isomeric structures in the RLS cohorts show significant differences after the
Benjamini—Hochberg multiple testing correction. HexNAc,Hex;Fuc,NeuAc, (4512-3) and HexNAcsHex;NeuAc; (6703-1) (p <
0.001) were downexpressed in the RLS cohort. HexNAcsHex;NeuAc; (6703-2) and HexNAc;Hex,NeuAc; (5603-5) (p < 0.001)
were expressed higher in the RLS cases. These results demonstrate that it is possible to detect specific glycome traits in individuals
with RLS. The discovery of the N-glycan expression alterations might be useful in understanding the molecular mechanism of RLS,
developing more refined and objective diagnostic methods, and discovering novel targeted therapeutic interventions.
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B INTRODUCTION
Restless legs syndrome (RLS), also known as Willis—Ekbom

dented accuracy and sensitivity.” The results from different
groups showed substantial alterations in several proteins
1-3 between RLS patients and controls.”” Nonetheless, the quest
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disease, is a sleep and neurological sensorimotor disorder,
with a prevalence of ~5—15% in the general population.”*
The patients who suffer from RLS experience an irresistible or
involuntary movement of their legs. The symptoms are even
worse in static conditions such as during sleep or in confined
spaces such as sitting in a plane while traveling. Besides
disrupting sleeping, RLS also severely impairs a patient’s
daytime work productivity and quality of life. Recent studies
have shown that RLS is related to cardiovascular disease.*”®
To date, the diagnosis of RLS has been based on
international consensus criteria,’ which predominately rely
on clinical signs and patient-reported symptoms.””® Those
empirical criteria are not informative enough to support an
accurate and timely diagnosis. Therefore, there is an urgent
need to develop molecular biomarkers to support the
diagnosis, prognosis, and to guide disease management and
treatment. The application of neuroproteomics has been found
to be a novel and powerful strategy of identifying biomarker
candidates in neurological and sleep disorders with unprece-
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is still ongoing and new approaches are needed to advance our
knowledge of the pathogenetic and pathophysiological
mechanisms involved in RLS.

Recent advances and applications of high-resolution mass
spectrometry (MS) have permitted the analysis of post-
translational modifications such as glycosylation, acetylation, or
phosphorylation. Glycosylation, in particular, has an impact on
the biological and pathobiological functions of proteins' ™'
because protein properties, such as stability and activity, can be
deeply influenced by glycosylation.'® Altered glycomic profiles
and aberrant expressions in glycans have been reported in
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association with neurological disorders, and have been
suggested as novel diagnostic and prognostic tools."""”
However, to our knowledge, no studies have been conducted
to investigate the glycosylation or glycome changes associated
with RLS. Such work would provide novel insight and a better
understanding of the molecular mechanisms of RLS. In
addition, the identification of biomarker candidates could
permit and support the development of novel RLS diagnostic
methods and therapeutic treatments.

With these aims in mind, we analyzed and characterized
glycan profiles and quantified glycome alterations in the blood
of RLS patients by using reversed-phase liquid chromatography
(LC)-MS on permethylated glycans. Such an analytical
methodology increases efficiency, * separation resolution, and
sensitivity.”'”*° Furthermore, we performed an in-depth
glycomic analysis of the isomeric structures given that different
glycan isomers can have completely different biological
functions. The isomers were identified and quantified using
porous graphitized carbon (PGC) LC—MS.

B EXPERIMENTAL SECTION

Study Participants

The study protocol was approved by the local ethics
committee. Patients were enrolled at the Sleep Research
Centre of the Oasi Research Institute—IRCCS, Troina (Italy),
and at the Department of Neurology of the University of
Bologna (Italy), between March 2017 and August 2017. The
patients with primary RLS were clinically diagnosed according
to the internationally standardized criteria (International RLS
Study Group criteria’). In addition to the diagnosis of RLS,
enrollment in the study depended on the following inclusion
criteria: (1) patient age > 18 years, (2) drug neﬁve, (3)
availability of at least one blood sample for analysis, and (4)
signed consent. Patients with other neurological or medical
conditions or if they were pregnant or taking any medications
were excluded. As a comparison group, age-matched healthy
individuals were also enrolled. Criteria for control subject
enrollment included age > 18 years and no history of brain
injury, neurological, or psychiatric disorder. All participants
provided written informed consent.

Blood Sampling

Blood samples were collected between 9 a.m. and noon by
venipuncture into gel separator tubes for serum. Blood tubes
were rapidly transported to the laboratory facility of the
hospitals and centrifuged within 1 h after blood collection.
Serum was immediately aliquoted into cryovials and stored at
—80 °C until it was shipped on dry ice to the Core Lab
(Lubbock, TX) for analysis. The analysts were blinded to
participants’ diagnosis and clinical status.

Materials and Reagents

PNGase F and G7 buffer (50 mM sodium phosphate buffer,
pH 7.5) were from New England Biolabs (Ipswich, MA, USA).
Ammonium—borane complex, CH;I iodomethane, dimethyl
sulfoxide (DMSO), and NaOH beads were purchased from
Sigma-Aldrich (St. Louis, MO, USA), ethanol was from
PHARMCO-AAPER, and HPLC grade methanol, acetonitrile
(ACN), formic acid, and HPLC water were obtained from
Fisher Scientific (Fair Lawn, New Jersey, USA).

Sample Preparation

The preparation and analysis order of control and RLS samples
were disrupted to avoid biases introduced by batch effects. N-
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Glycans were released and purified from the glycoproteins in
the blood sera according to previous protocols.' "' Briefly, an
aliquot of 10 uL serum was taken from each participant blood
sample. Ten times diluted sodium phosphate buffer was added
into each sample vial and denatured for 20 min at 90 °C. Then,
N-glycans were released by PNGase F digestion for 18 h at 37
°C. An ice-cold ethanol solution (90% ethanol v/v) was added
into the mixture after enzymatic digestion. The supernatant
containing purified N-glycans was collected and dried in a spin
vacuum drier. After that, glycans were reduced with an
ammonium—borane complex at 60 °C for 1 h. The excess
reducing reagent was washed off with 500 uL methanol 4—35
times and dried in a spin vacuum.

The reduced N-glycans were permethylated with a solid-
phase permethylation protocol, as previously described.”'~*’
The dried N-glycans were reconstituted in a solution
containing 30 yL DMSO, 20 uL iodomethane, and a trace
amount of water (ca. 1.2 uL). Sodium hydroxide beads stored
in DMSO were packed in spin columns with a pipette, rinsed
with around 100 L DMSO, and spun down by low-speed
centrifugation. The sample solution was then loaded into the
packed spin column and incubated for 25 min at room
temperature. An additional 20 yL iodomethane was added into
the spin column, incubated for another 1S5 min, and
centrifuged at 1.8k rpm. The collected solutions were dried
overnight in a spin vacuum drier. Permethylated N-glycans
derived from blood sera were resuspended in 20% ACN
containing 0.1% formic acid before injection in LC—MS.

LC—MS Conditions

All samples of the control and the RLS cohorts were analyzed
under both C18 and PGC-LC—MS conditions for glycan
profiles and isomeric quantitative analysis using an UltiMate
3000 nano-LC system (Dionex, Sunnyvale, CA, USA) coupled
with an LTQ Orbitrap Velos mass spectrometer (Thermo
Scientific, San Jose, CA, USA). The same mobile phase
compositions were used under C18 and PGC separation
conditions. The mobile phase A was 98% HPLC water, 2%
ACN containing 0.1% formic acid; mobile phase B consisted of
100% ACN and 0.1% formic acid. After LC separation,
analytes were detected in the mass spectrometer in positive
mode. The resolving power of the instrument was set to
100,000. The full MS spectra were obtained in the mass range
of 700—2000 m/z with a mass accuracy of 5 ppm.

Glycan Profiling Conditions

Glycan profiles were obtained on a reversed phase Acclaim
PepMap capillary column (150 mm X 75 pm i.d.) packed with
the 100 A C,g-bounded phase (Dionex) at 55 °C under
optimized LC conditions.”**** The flow rate was 0.35 uL/
min. The eluting gradient started with 20% mobile phase B
over 10 min, ramped to 42% of mobile phase B in 1 min, then
gradually increased to 55% B over 37 min, ramped to 90% B in
1 min and kept there for 5 min, decreased to 20% B in 1 min,
and maintained for $ min.

Isomeric Profiling Conditions

Isomeric analysis was performed on a HyperCarb PGC column
(75 um X 100 mm, S um particle size; Thermo Scientific,
Pittsburgh, PA) at 75 °C. The PGC separation conditions used
in this study refer to the optimized conditions as we previously
reported.”””” The flow rate was 0.75 uL/min. The elution
gradient began with 20% of mobile phase B for 10 min, 20—
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Figure 1. A flowchart summarizing sample preparation and analysis.

60% B (10—30 min), 60—95% B (30—40 min), and 95% B was
maintained for 20 min.

Data Processing and Quantitation by MultiGlycan-ESI
Quantification

Quantitative glycan profiling results were obtained using
MultiGlycan software with datasets acquired from C18-LC—
MS. The algorithms and quantitation reliability were assessed
in previous works.”** Briefly, glycan compositions were
identified by searching for the experimental m/z values of
monoisotopic peaks of ions in the MS spectra against the
default database built into the software. Mass accuracy of S
ppm was employed, isotopic envelope tolerance was set to 6
ppm. All possible charge states and adducts of a glycan
composition were considered. The output quantitation results
were reported as the sum of matched charge states and adducts
(IM + H]Y, [M + 2H]*,[M + 3H]*, [M + NH,]%, and [M +
2NH,]*") of a certain glycan composition.

Isomeric structures were identified and quantified with
datasets acquired on PGC-LC—MS. First, glycan compositions
were identified by searching the experimental m/z values of the
monoisotopic peaks in the MS spectra against theoretical m/z
values in the default database. Then isomeric structures were
assigned by the eluting order of the isomeric peaks based on
the glycan isomer database from previous works.***’
Quantification of isomers was obtained by calculating the
peak area of glycan ions of all charge states and adduct ions
using Xcalibur. The glycan quantitative results were normalized
and reported as relative abundances, which were calculated by
using the peak area of each glycan structure versus the total
structures identified in each sample.

Statistical Analysis

Initial analyses examining the differences in characteristics
between subjects with RLS and controls were assessed by using
a t-test (for age—normally distributed continuous variable)
and a Fisher’s exact test (for smoking status—categorical
variable).
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N-Glycan structures and isomers that were significantly
altered were identified by performing a nonparametric Mann—
Whitney U test. After the statistical tests, the Benjamini—
Hochberg procedure was applied for the multiple testing
correction at a 0.0S false discovery rate to control the type-I
error.

The group properties of the 12 blood serum samples of
participants with RLS and 10 healthy control samples were
analyzed by principal component analysis (PCA). Unsuper-
vised PCA without designation was performed on datasets
acquired on C18-LC—MS and PGC-LC—MS with Marker-
View software, the settings of parameters were referred to one
of our previous biomarker discovery studies.”® The results in
our previous studies analyzing biological samples have proved
the reproducibility and reliability of the sample preparation
and instrumental analysis methods, and have demonstrated
that the replicates would not affect the data point distributions
in the PCA plots.”"*

B RESULTS AND DISCUSSION

Description of Study Population

Serum samples were collected from 12 patients with a clinical
diagnosis of primary RLS (8 females and 4 males and a mean
age of 68.52 years [SD + 8.01]) and 10 healthy controls (S
females and S males and a mean age of 67.61 years [SD +
15.07]). No significant difference in age and cigarette smoking
habits were found between the patients and controls (p >
0.05).

N-Glycan Profile of the Control and Idiopathic RLS Cohorts

The N-glycan profiles of the control and RLS cohorts were
acquired by the analysis of reduced and permethylated glycans
on C18-LC—MS, as shown in the flowchart (Figure 1). Figure
2 shows the illustrative examples of extracted ion chromato-
grams (EICs) of a control subject and a patient with RLS. The
retention times, relative intensities, and structural features of
the identified glycan structures are presented in the EICs.

https://dx.doi.org/10.1021/acs.jproteome.9b00549
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Figure 2. EIC of permethylated glycans derived from the blood samples of (a) control and (b) patient with RLS. The identified glycans are
displayed in separate panels based on their intensity magnitude to make sure all structures are visible. Symbols: blue [J, N-acetylglucosamine
(GleNAc); yellow O, Galactose (Gal); red V, Fucose (Fuc); green O, Mannose (Man); blue O, Glucose (Glc); and magenta <, N-

acetylneuraminic acid (NeuAc/sialic acid).

Glycan profiling data for all samples of control and RLS
cohorts are listed in Tables S1 and S2. In total, 60 N-glycans in
the control cohort and 57 N-glycans in the RLS cohort were
identified and quantified.

When relative intensities of the glycans were averaged per
cohort, the top three abundant glycan structures in controls
were disialylated glycans with the composition of HexNA-
cHex;NeuAc,, monosialylated glycan HexNAc,Hex;NeuAc,,
and monofucosylated glycan with the composition of
HexNAc,Hex;Fuc, (43, 18, and 7% average abundance,
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respectively), as shown in Table S1. In terms of the abundance
of different types of glycans shown in Table S1, we observed
that 38 out of the total 60 glycans contain sialic acid, which
account for 77% in the control cohort. Nine structures were
fucosylated glycans, which represent 14% of the total. Thirteen
structures were high-mannose type, which account for 9% of
the total glycan profile. In comparison, in the RLS cohort, the
most abundant structures on average were HexNA-
c,;Hex;NeuAc,, HexNAc,HexFuc,NeuAc,, and HexNA-
c,;HexsFuc, (relative abundances 16, 12, and 12%, respec-

https://dx.doi.org/10.1021/acs.jproteome.9b00549
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Figure 4. (2) The PCA plot of the total N-glycan profile. (b) The PCA plot of N-glycan isomers.

tively), as shown in Table S2. In terms of the distribution of
different types of glycans shown in Table S2, 33 sialylated
glycans, 10 fucosylated glycans, and 14 high mannose glycans
were discovered. According to relative abundances in the RLS
cohort, sialylated glycans stand for 67% of all glycans,
fucosylated structures account for 22%, and high-mannose

type is 13%.
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Statistical Analysis of the Control and Idiopathic RLS
Cohorts

The differently expressed glycan structures between the control
and the RLS cohorts are shown as bar graphs in Figure 3 and
the corresponding p-values from the Mann—Whitney U tests
are listed in Table S3. Based on the statistical test results, 24 N-
glycan structures showed a significant difference between the
control and the RLS cohorts after applying the Benjamini—

https://dx.doi.org/10.1021/acs.jproteome.9b00549
J. Proteome Res. 2020, 19, 2933—-2941
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Hochberg corrections. Those glycans can be the candidates for
discovery of potential glycan biomarkers to distinguish RLS
from healthy individuals. Among them, 18 structures are
sialylated glycans, 13 structures are fucosylated, and 2
structures are high-mannose type, suggesting that sialylated
glycans may play an important role in RLS. Our previous
glycomics studies on other diseases also reported that sialylated
glycans are differently expressed in diseased groups and
deserve further investigation as potential biomarker candi-
dates.'"'* Furthermore, 23 structures show the most
substantial difference in expression, with p-values of less than
0.001 (Table S3). Glycans with the composition of
HexNAcgHexgFuc,NeuAc,, HexNAcsHexsFuc,NeuAc;, and
HexNAc;HexsFuc,NeuAc, are the structures with the lowest
p-values. However, those structures are very low in abundance,
which may cause difficulties in applications for clinical use. In
the glycan candidate list (Table S3), HexNAc,Hex;NeuAc,
and HexNAc,Hex;NeuAc, are more abundant in both the RLS
and the control blood sera. They may be better candidates for
further biomarker verification analysis.

PCA was performed to see if the control cohort and the RLS
cohort have different serum glycan profiles that can separate
the two cohorts. Relative abundances of glycans of all samples
from the control and the RLS cohorts in Tables SI and S2
were used to plot PCA (Figure 4a). We observed that the
sample points of the control and the RLS cohorts clearly
clustered into two distinct groups and were located in different
regions of the PCA plot, which indicates that the different
glycan structure distributions in the glycan profiles could
reflect biological and pathological characteristics of the control
and the RLS cohorts, respectively.

The N-glycan structural features found in RLS were
compared with those reported in the study of rapid eye
movement sleep behavior disorder (RBD), which is a
parasomnia that is regarded as one of the earliest signs of
neurodegenerative disorders (Table 1)."" Both RLS and RBD
studies show significant glycan changes in structural complexity
and most of those are sialylated structures. In terms of
structural complexity, the biomarker candidates in RLS tend to
have more tetra-antennary and less diantennary glycans than
RBD. In addition, glycans in RLS have a higher degree of
sialylation (less mono sialylation, more with di-, tri-, and
tetrasialylation) at the terminus than those in RBD. However,
the increase in glycan structural complexity and a higher level
of tri- and tetra-sialylation in blood sera of diseased cases were
also discovered in cancer studies (e.g. breast or liver cancer)."’

Also, we compared the potential N-glycan biomarker
candidates with a glycomics study of leukodystrophy (related
to elF2B mutations), which is a brain development disorder
that causes abnormal development or destruction of the white
matter in the brain (Table 1).>* The study was based on
comparative analysis of cerebrospinal fluid (CSF) from healthy
and diseased cases. Increased diantennary structures and
decreased triantennary structures in the N-glycan profiles
were observed. 11 glycan structures were found to have
significant changes in the diseased cohort versus the control
cases. Only 18% of those potential biomarkers contained sialic
acid (mono or disialic acids at the terminus).

In future studies, animal experiments and clinical research
are necessary to understand the biofunctions of these
differentially expressed glycan structures, which could be
potential biomarker candidates as well as therapeutic targets.
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Table 1. N-Glycan Structures Expressed with Significant
Differences after Correction for Multiple Comparison in
RLS Cases Were Compared with Significant Glycan
Changes Identified in RBD'' and Leukodystrophy (Related
to eIF2B Mutations)>>*

leukodys-
RBD trophy
parasomnia (eIF2B
(an early  mutations)
sign of brain
RLS neurodege-  develop-
diseases and neurologi- nerative mental
types cal disorder  disorders) disorder
sample blood blood
sources serum serum CSF
complexity diantennary 4 17% 6  38% S 45%
comparison
triantennary 6 25% S 31% 55%
>tetraantennary 8 33% 2 31% 0%
number of mono 3 13% 5 31% 9%
sialic acids
di S 21% 2 13% 1 9%
tri 8 33% 0 0% 0 0%
>tetra 2 8% 6% 0 0%
number of 2 (4510, 6600) 2 (4510,
structures 4502)
in common
(vs RLS)

“The number of structures under different comparing conditions and
their percentages relative to the total number of significantly different
structures discovered in the corresponding disease studies are listed.

Isomeric Quantitative Analysis of the Control and
Idiopathic RLS Cohorts

Isomeric structure identification and quantitation has become
an unneglectable part of in-depth glycomic analysis given
different functions of isomers in biological processes. Thus, in
this study, after glycan profiling, we analyzed the glycan
samples of both the control and the RLS cohorts on the PGC
column at 75 °C for isomeric analysis. Glycans with significant
differences in the glycan profiles were investigated in isomeric
structure identification and quantitation. In total, 38 isomeric
structures for 13 glycan compositions for both cohorts were
identified and quantified as the ratio of different isomers
present in the samples. Eleven of those glycan compositions
contain at least one sialic acid moiety. Detailed quantitation
results of the control cohort and the RLS cohort are given in
Tables S4 and SS, respectively.

Statistical Analysis of Isomers in the Control and
Idiopathic RLS Cohorts

The ratios of the isomeric structures (Tables S4 and S5) were
used to perform a nonparametric Mann—Whitney U test.
Isomeric structures with significant differences in the control
and RLS cohorts, after Benjamini—Hochberg corrections, are
shown as bar graphs in Figure S1. The specific quantitation
results are summarized in Table S6 (the isomeric structures
that cannot be confidently assigned are differentiated by their
elution order). Fifteen of those isomeric structures showed a
significant difference between the control and RLS cohorts
after performing corrections for multiple testing. The glycans
showing the most significant differences (p < 0.001) were
HexNAc,Hex;Fuc,NeuAc, (4512-3) (downexpressed in RLS),
HexNAcgHex,NeuAc; (6703-1) (downexpressed in RLS),
HexNAcgHex;NeuAc; (6703-2) (upexpressed in RLS), and
HexNAcsHex¢NeuAc; (5603-5) (upexpressed in RLS).
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Figure S. EICs of N-glycan isomers with different linkages in control and RLS cohorts, separated on PGC (a) disialylated linkage isomers (b)
disialylated linkage isomers with core fucose connections. Insets are the box plots showing the distributions of disialylated isomers among 10
studied subjects in the control and 12 subjects in the RLS cohorts. The box stands for the first quartile and third quartile; the line represents
median; and the whiskers above and below the box set the limits for outliers. Symbols: see Figure 2.

Although HexNAc,Hex;NeuAc; (6703-2) and HexNA-
csHexgNeuAc, (5603-S) were overexpressed in RLS, they are
low in concentration in blood serum (<5%). Glycans with the
composition of HexNAc,Hex;Fuc;NeuAc; (12% in blood) and
the isomeric structure HexNAc,Hex.Fuc,NeuAc,(4511-4)
(downexpressed in RLS) may be better biomarker candidates.

Isomeric analysis results (Tables S4 and SS) were also
analyzed with PCA, as shown in Figure 4b. Data points of the
control cohort and the RLS cohort clustered in separate areas
of the PCA plot, which match the results from the glycan
profile PCA. The clustering and separation in PCA indicate
that the difference in the isomeric distribution of different
sample points has some similarities within the same cohort and
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the observed differences between the cohorts possibly
represent differences related to the disease state.

Example EICs of glycan isomers with @2-3 and a2-6 linked
sialic acids are shown in Figure Sa,b. The identifications of
isomers were based on the eluting order of a2-3- and a2-6-
linked sialic acid moieties, which were well documented in our
previous studies on glycans released from model glycopro-
teins.”*”’” The peaks in both figures are baseline separated and
with good peak shapes that guarantee the accurate quantitation
of the isomers. Figure 5a,b was only extracted from one sample
in the control and RLS cohorts, respectively. In Figure Sa,b,
the peak heights of isomeric peaks in the control individual and
the RLS individual are different. Although the distributions of
isomers among individuals are different, they cannot represent
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the traits of the cohorts. The box plots (insets in both Figure
Sab) display the distributions of all the sample points in both
cohorts (10 individual samples in the control and 12 patients
in the RLS cohorts, respectively) in order to show a bigger
picture of how the individual data distributed in the control
and RLS cohorts.

Sialic acid linkage isomers are important features to
investigate in brain glycosylation studies. Studies have shown
that an increase of @2-6 linked sialic acids is usually observed in
brain diseases related to viral or bacterial pathogen binding.**
Changes in a2-3 and a2-6 linked sialic acid expressions were
found in RBD," neurodegenerative diseases,"> and other
diseases such as cancers.'” In the brain, glycans play significant
roles in signal transduction between cells. The diversity of
glycans and fine specificities introduced by linkage isomers
enable the tuning of different biofunctions and complex
processes in the brain.*> The expression levels of different
glycan isomers are controlled by different glycosyltransferases.
However, so far, our knowledge about the biofunctions of
glycan isomers is very limited. The specific molecular
mechanisms of the glycan isomers in RLS or other neurological
disorders are still unknown.

B CONCLUSIONS

In this study, we investigated the possible significantly altered
glycan expressions in idiopathic RLS cases by comparing their
serum glycan profile with that of healthy subjects. 24 N-glycan
biomarker candidates were identified. Among those, HexNA-
c¢HexgFuc,NeuAc,, HexNAccHex,Fuc,NeuAc;, and HexNA-
csHex FucNeuAc, are the most significantly different
structures in the expression profiles (p < 0.001).

Furthermore, in-depth comparative glycomics analyses were
conducted by investigating the isomeric distribution in the
RLS cases versus controls. Twenty-three isomeric structures
showed a significant difference between the control and RLS
cohorts after the Benjamini—Hochberg multiple testing
correction. Among the isomers, HexNAc,Hex;Fuc,NeuAc,
(4512-3) (downexpressed in RLS), HexNAcsHex,NeuAc,
(6703-1) (downexpressed in RLS), HexNAcsHex,NeuAc;,
(6703-2) (upexpressed in RLS), and HexNAc;Hex;NeuAc,
(5603-5) (upexpressed in RLS) show the most significant
differences. Nevertheless, the glycan with the composition of
HexNAc,Hex;Fuc,NeuAc; and the isomeric structure Hex-
NAc,Hex;Fuc,NeuAc, (4511-4) (downexpressed in RLS) can
be better biomarker options, owing to their relatively higher
abundance in blood.

The next step in analysis will be extended to a larger number
of samples and a broader range of diseased and healthy cases
for verification of the glycan biomarkers. The biomarker
candidate’s specificity and sensitivity will be assessed as well.*®
Herein, we just listed the changes in glycans expressed in the
RLS versus the control group that can be potential glycan
biomarker candidates. We hope this work will inspire other
researchers to further study these glycans, especially the glycan
isomers, and understand more about their biofunctions in
neurological disorders and diseases.

B ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
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Bar graphs showing the N-glycan isomeric distribution
with a significant difference in control cohort versus RLS
cohort after applying the Benjamini—Hochberg multiple
testing correction; relative abundances of N-glycans
derived from human blood sera in the control cohort;
results were acquired in the C18 column at 55 °C;
relative abundances of N-glycans derived from human
blood sera in the RLS cohort; results were acquired in
the C18 column at 55 °C; average relative abundances of
N-glycans with a significant difference in control cohort
versus RLS cohort after applying the Benjamini—
Hochberg multiple testing correction; isomeric quanti-
tation results in the control cohort; isomeric quantita-
tion results in the RLS cohort; and average relative
abundances of N-glycan isomers with a significant
difference in control cohort versus RLS cohort after
applying the Benjamini—Hochberg multiple testing
correction (PDF)
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